Abstract Aims/hypothesis: Chemical and biological characteristics of LDL(−) from type 1 diabetic subjects were analysed. The diabetic patients were studied during poor and optimised glycaemic control. Materials and methods: Total LDL was subfractionated into electropositive LDL(+) and electronegative LDL(−) by anion exchange chromatography and the lipid and protein composition of the two determined. Results: LDL(−) differed from LDL(+) in that it had higher triglyceride, non-esterified fatty acids, apoE, apoC-III and platelet-activating factor acetylhydrolase (PAF-AH), as well as lower apoB relative content. No evidence of increased oxidation was observed in LDL(−). LDL(−) increased two-fold the release of interleukin 8 (IL-8) and monocyte chemotactic protein 1 (MCP-1) in endothelial cells, suggesting an inflammatory role. Optimisation of glycaemic control after insulin therapy decreased the proportion of LDL(−), but did not modify the composition of LDL subfractions, except for a decrease in PAF-AH activity in LDL(−). The possibility that LDL(−) could be generated by non-enzymatic glycosylation was studied. Fructosamine and glycated LDL content in LDL subfractions from type 1 diabetic patients was greater than in LDL subfractions isolated from normoglycaemic subjects, and decreased after glycaemic optimisation in both subfractions. However, no difference was observed between LDL (+) and LDL(−) before and after insulin therapy. Conclusions/ interpretation: These results provide evidence that LDL(−) is not produced by glycosylation. Nevertheless, LDL(−) from diabetic patients displays inflammatory potential reflected by the induction of chemokine release in endothelial cells. This proatherogenic effect could be related to the high PAF-AH activity in LDL(−).
Introduction
Diabetes mellitus is an independent risk factor for the development of atherosclerosis, which, in turn, is the leading cause of death in diabetic subjects [1] . Beyond the frequent quantitative abnormalities in the lipid profile of diabetic patients [2] , qualitative modifications in lipoproteins have been described. Modification of LDL plays a key role in the pathogenesis of atherosclerosis [3] . Increased concentrations of several forms of modified LDL have been detected in plasma of diabetic patients, including oxidised [4] , glycosylated [5] , desialylated [6] and small dense LDL particles [7] . A common feature of these modified forms of LDL is an increase in their electronegativity. Making use of this characteristic, an electronegative modified LDL subfraction (LDL [−] ) can be isolated from human plasma by anion exchange chromatography [8] . LDL(−) exhibits a variety of atherogenic and inflammatory properties [9] , including abnormal density distribution [10] , impaired affinity for the LDL receptor [8, 11] , cytotoxicity [12, 13] , apoptosis [14] and induction of inflammatory molecules production in cultured endothelial cells, such as interleukin-8 (IL-8), monocyte chemotactic protein (MCP-1) [15, 16] and TNF-α-induced vascular cell adhesion molecule (VCAM) [17] . Moreover, the proportion of LDL(−) is increased in diseases with high cardiovascular risk such as familial hypercholesterolaemia (FH) [11, 18] , hypertriglyceridaemia [10] , renal failure disease [19] and type 1 and type 2 diabetes mellitus [20] [21] [22] [23] . Our group previously reported that optimisation of glycaemic control with intensive insulin therapy decreases the proportion of LDL (−) in subjects with type 1 diabetes [20, 21] , which led us to hypothesise that non-enzymatic glycosylation could be involved in the generation of LDL(−) in these patients. Although extensive characterisation of LDL(−) from normolipaemic and FH subjects has been reported [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , no data exist on the physicochemical characteristics of LDL (−) from diabetic subjects. Thus, the aim of the current work was to ascertain whether non-enzymatic glycosylation of LDL could directly induce the formation of LDL(−), thereby causing an increased proportion of LDL(−) in type 1 diabetic patients, and to determine the physicochemical and biological characteristics of LDL(−) isolated from these patients.
Subjects and methods
Subjects and experimental design Type 1 diabetic subjects (n=60) were selected on the basis of their HbA 1 c levels (>8.5%, non-ketoacidosis), short diabetes duration (0-36 months) and lack of chronic diabetic complications. The type of diabetes was defined according to the National Diabetes Data Group [24] and inclusion criteria have been described elsewhere [21] . All patients were included in an intensive insulin therapy programme, as described [20] , and optimised glycaemic control was regarded as achieved when HbA 1 c was fewer than 7%. Healthy normolipidaemic and normoglycaemic subjects were selected as a control group, as described [21] . Informed consent of the patients was obtained and the study was approved by the hospital Ethics Committee. Investigations were in accordance with the Declaration of Helsinki. Fasting plasma was obtained in EDTA-containing Vacutainer tubes and stored at −80°C for a period no longer than 120 days. After thawing, plasma aliquots were pooled (90-120 ml of plasma for each experiment from at least 10 different subjects) and total LDL (density range: 1.019-1.050 g/ml) was isolated by sequential ultracentrifugation at 4°C in presence of 1 mmol/ l EDTA. Two fractions of LDL were isolated by preparative anion-exchange chromatography using a multistep gradient in an FPLC system (Amersham, Uppsala, Sweden), as described [16] . Electropositive LDL (LDL[+]) eluted at 0.22 mol/l NaCl and LDL(−) eluted at 0.5 mol/l NaCl and both were detected at 280 nm. Six independent experiments, containing plasma mixtures from type 1 diabetic patients with poor glycaemic control (HbA 1 c 8.5-13.8%) and plasma mixtures from the same subjects after optimisation of glycaemic control (HbA 1 c 5.5-6.9%), were performed. A plasma mixture from control subjects was included in each experiment.
In vitro modification of LDL Oxidised LDL (oxLDL) was obtained by incubation of LDL from control subjects dialysed against PBS with 10 μmol/l CuSO 4 for 24 h. Malondialdehyde (MDA) content of oxLDL preparations was higher than 10 nmol MDA/mg apoB. LDL dialysed in 10 mmol/l Tris and 1 mmol/l EDTA was glycated by incubation at 37°C with 50 mmol/l glucose for increasing times (up to 12 days), in the presence of 2 μmol/l butylated hydroxytoluene.
Lipid and apoprotein composition Major lipids (free and esterified cholesterol, phospholipids, triglyceride and NEFA) and apoproteins (apoB, apoE, apoC-III, apoC-II, apoA-I and apo[a]) were determined by commercial methods (Roche Diagnostics, Basel, Switzerland; Wako Chemicals, Neuss, Germany) in a Hitachi 911 autoanalyser (Roche) as described [16] . Antioxidant content (α-tocopherol, α-carotene, β-carotene and lycopene) was determined by reverse-phase high-performance liquid chromatography (RP-HPLC) with a diode array detector [25] . Malondialdehyde (MDA) content was quantified by RP-HPLC and fluorometric detection [26] .
Electrophoretic characterisation LDL particle size (expressed as nm) was evaluated by non-denaturing polyacrylamide gradient gel electrophoresis [10] . ApoB integrity was assessed by polyacrylamide electrophoresis in the presence of sodium dodecyl sulphate (SDS-PAGE) in 4-20% gradient gels (BioRad, Hercules, CA, USA). Increased electronegativity of LDL(−) was confirmed by agarose electrophoresis (Biomidi, Toulouse, France).
LDL susceptibility to oxidation Oxidisability of LDL subfractions (50 μg/ml apoB in PBS) was assessed by monitoring at 234 nm the formation of conjugated dienes induced at 30°C by 2.5 μmol/l CuSO 4 , as described [20] , and lag-phase time (min) was determined [27] .
Platelet-activating factor acetylhydrolase (PAF-AH) activity A commercial colorimetric assay (Cayman Chemical, Ann Arbor, MI, USA), using 2-thio-PAF as a substrate, was performed. LDL subfractions (10 μl of LDL at 0.25 g/ l apoB) were assayed as previously described [28] . Absorbance was measured at 414 nm at increased times in a microtitre plate and the slope was used to calculate PAF-AH activity (expressed as μmol min
). Western blot of LDL subfractions was performed to confirm PAF-AH activity results. LDL was electrophoresed in 4-20% SDS-PAGE gels (BioRad) and proteins were transferred to a polyvinylidene difluoride membrane (Immunblot PVDF, BioRad) in a Mini Trans-blot electrophoretic transfer cell (BioRad). PVDF membranes were revealed with PAF-AH polyclonal antiserum (Cayman Chemical) as described [28] .
Glycaemic parameters The proportion of glycated LDL was determined in each LDL subfraction by affinity chromatography using agarose-coupled phenyl boronate (Glycogel II; Pierce, Rockford, IL, USA). Chromatography was adapted to an automated FPLC chromatographic system (Amersham) as described [21] with minor modifications. Briefly, LDL was dialysed against binding buffer (250 mmol/l ammonium acetate, 50 mmol/l MgCl 2 , pH 8.05) and 100 μg of apoB (in 200 μl) were injected into the column and allowed to interact with resin for 5 min (flow rate: 0.02 ml/min). The unbound fraction (non-glycated LDL) was then eluted with binding buffer at 1 ml/min. The bound fraction (glycated LDL) was eluted with elution buffer (200 mmol/l sorbitol, 100 mmol/l Tris, pH 8.5) at 1 ml/min. Glycated and non-glycated LDL peaks were detected at 280 nm and peak areas were manually integrated.
Fructosamine content in LDL subfractions was quantified by a commercial method (Roche Diagnostics) in a Cobas Integra autoanalyser using LDL at a concentration of 0.5 g/l apoB.
Inflammatory effect on cultured endothelial cells Human umbilical vein endothelial cells (HUVEC) were isolated by collagenase digestion and cultured as described [16] . Cells in confluent stage (1-2 passages) were seeded in sixwell plates at 150,000 cells/well. LDLs were added for 24 h at 100 mg apoB/l in 199 medium containing 1% FCS without heparin and endothelial cell growth supplement (ECGS). LDLs were previously dialysed against 199 medium and filtered through 0.22 μm. TNF-α (20 μg/l) and oxLDL (100 mg apoB/l) were used as positive controls for chemokine production. Cell viability was evaluated by optic microscopy and lactate dehydrogenase (LDH) assay. After 24-h incubation of HUVEC with LDLs or TNF-α, supernatant aliquots were frozen at −80°C for IL-8 and MCP-1 measurements. IL-8 (Diaclone, Besançon, France) and MCP-1 (Endogen, Woburn, MA, USA) released in the media were quantified by ELISA. Results were expressed as ng/10 5 cells.
Transcription factor studies HUVEC were cultured in Petri dishes at 1,000,000 cells/well and LDL (100 mg apoB/l) or IL-1β (10 U/ml, positive control) was added for 4 h of incubation. Nuclear protein extracts were obtained using the TransFactor Extraction Kit (BD-Clontech, Palo Alto, 
Results
The LDL(−) proportion observed in plasma pools from type 1 diabetic patients in poor glycaemic control was three times higher than that observed in plasma pools from control subjects. Insulin therapy decreased the LDL(−) proportion in type 1 diabetic patients, though without reaching a percentage similar to that in controls ( Table 1 ). The proportion of glycated LDL and fructosamine content was also greater in samples from poorly controlled type 1 diabetic subjects than in control samples, and optimisation of glycaemic control diminished both parameters of glycation (Table 1) . However, no difference was observed between LDL(+) and LDL(−) in either of the groups studied, indicating that LDL(−) from type 1 diabetic subjects was not generated by direct non-enzymatic glycosylation. This was supported by in vitro experiments showing that the fructosamine content and the glycated LDL proportion required to achieve the same electrophoretic mobility as LDL(−) are much higher than the glycaemic parameters determined in LDL(−). A representative agarose gel electrophoresis including fructosamine content and percentage of glycated LDL values of native LDL glycated 'in vitro' after several days of incubation with 50 mmol/l glucose is shown in Fig. 1 . Lipid and apoprotein composition of LDL subfractions is shown in Table 2 . Both in control samples and in diabetic samples during poor and good glycaemic control, LDL(−) differed from LDL(+) in the same components, i.e. increased content of triglyceride, NEFA, apoE and apoC-III and decreased relative content of apoB. ApoA-I and apoC-II were not detectable and the contamination of Lp(a) was under 1 and 3% in LDL(+) and LDL(−), respectively, in all groups. No difference in composition was observed between control and type 1 diabetic samples or between good and poor glycaemic control.
No evidence of oxidative modification was observed in LDL(−) in either group, as suggested by the lack of differences in antioxidant and MDA content (Table 3) . These oxidative parameters were not modified after glycaemic optimisation. Moreover, LDL(−) was more resistant to oxidation than LDL(+) in control and type 1 diabetic samples, as indicated by longer lag-phase times (Table 3) . PAF-AH activity was also increased in all LDL(−) preparations (Table 3) . Interestingly, optimisation of glycaemic control decreased both PAF-AH activity and lag-phase time in LDL(−) from type 1 diabetic samples. A decrease of PAF-AH was also observed when PAF-AH mass was semiquantitatively determined by Western blot analysis (Fig. 2) . LDL particle size was similar in all studied samples and was not modified by glycaemic optimisation (Table 3) . ApoB integrity of all LDL samples was confirmed by SDS-PAGE (data not shown).
Cell viability of HUVEC cultures after incubation with LDLs or TNF-α, measured by the LDH test, was over 92% in all experiments, and similar to that observed in control cells (>95%). LDL(−) from control and diabetic samples induced a 1.5-to 2-fold increase in the release of IL-8 and MCP-1 in cultured endothelial cells (Fig. 3) . Neither MCP-1 nor IL-8 release decreased after glycaemic optimisation. Known positive inducers of chemokine production such as oxLDL and TNF-α induced a three-to four-fold increase of IL-8 and MCP-1 compared with LDL(+).
After 4 h of incubation with LDLs or IL1β, HUVEC increased the nuclear content of p65, p50 (both compo- Fig. 2 Western blot analysis of LDL subfractions from control samples and type 1 diabetic samples before and after insulin therapy. Five micrograms of apoB were injected into each lane and SDS-PAGE (4-20%) electrophoresis developed as described in Subjects and Methods. Proteins were electrotransferred to a PVDF membrane and revealed with anti-PAF-AH antibody and HRP secondary antibody, as described in Subjects and Methods Fig. 3 Chemokine release from endothelial cells induced by LDL subfractions. HUVECs were incubated for 24 h at 37°C with LDL subfractions (100 μg/ml) of control and type 1 diabetic patients, as described in Subjects and Methods. IL-8 (a) and MCP-1 (b) were measured from culture media by ELISA. TNF-α (20 ng/ml) and oxidised LDL (oxLDL; 100 μg/ml) were used as positive controls. LDL(+), white bars; LDL(−), black bars. *p<0.05 vs LDL(+); # p<0.05 vs LDL(−) Fig. 4 Nuclear transcription factors stimulated by LDL(−). HUVECs were incubated for 4 h at 37°C with LDL subfractions (100 μg/ml) of type 1 diabetic patients or IL-1β (10 U/ml). Using an ELISA-based method (see Subjects and Methods), 20 μg of protein nuclear extracts were assayed. Results are expressed as increment versus control cells (unstimulated cells). LDL(+), white bars; LDL (−), black bars; IL-1β, grey bars nents of NF-kB), c-Fos, c-Jun and ATF2 (components of AP-1) (Fig. 4) . LDL(−) increased by 9-, 3-, 2.5-, 6-and 3-fold the concentration of p65, p50, c-Fos, c-Jun and ATF2, respectively, compared with the effect of LDL(+).
Discussion
The present study shows that LDL(−) isolated from shortduration type 1 diabetic patients behaves as an inflammatory lipoprotein since it induces the release of IL-8 and MCP-1 from cultured HUVEC. This proinflammatory and proatherogenic characteristic is shared with LDL(−) from healthy and hypercholesterolaemic subjects [11, 15, 16] . However, the exact mechanism by which LDL(−) induces chemokine release and the causes of its formation in plasma remain poorly understood.
Diabetic patients present a confluence of factors that could contribute to modifying the qualitative characteristics of lipoproteins. LDL from these subjects is exposed to increased non-enzymatic glycosylation, a process reported to be closely related to oxidation [29] . Our previous findings [20, 21] indicated that the increased proportion of LDL(−) observed in type 1 diabetic patients decreases after optimisation of glycaemic control; hence, a feasible explanation for increased LDL(−) in these subjects could be increased non-enzymatic glycosylation of lipoproteins. However, current results rule out this possibility, since although both LDL subfractions from type 1 diabetic patients in poor glycaemic control presented increased glycation, no difference was observed between LDL(+) and LDL(−). Moreover, in vitro experiments revealed that a high level of glycation in LDL is required to achieve the electronegativity displayed by LDL(−). According to our data, Gambino et al. observed increased LDL electronegativity measured by capillary electrophoresis in type 1 diabetic patients, but found no correlation with glycaemic control parameters [30] . These findings clearly show that the increased electric charge of LDL(−) is not due to glycosylation of apoB but that additional physicochemical modifications should be present in LDL(−). Among these physicochemical factors, oxidative processes are unlikely to be involved since the measurement of lipid oxidation products or antioxidant content revealed no differences between LDL(+) and LDL(−), between control and type 1 diabetic patients or between poor and good glycaemic control. Supporting the lack of involvement of oxidative modification, LDL(−) was more resistant to 'in-vitro'-induced oxidation than LDL(+). These features were previously observed in healthy and hypercholesterolaemic subjects [16] . A precise explanation for increased resistance to oxidation is not available but could be related to two characteristics of LDL(−). First, its high susceptibility to aggregation [16] , since aggregated lipoproteins are known to be resistant to oxidative modification [31] . Second, the high PAF-AH activity observed in LDL(−), since the hydrolysis of oxidised phospholipids has been reported to prevent oxidation of LDL [32] . Interestingly, glycaemic optimisation resulted in decreased LDL(−) proportion, decreased PAF-AH activity in LDL(−) and increased susceptibility to oxidation, thereby supporting the notion that PAF-AH plays a role in the prevention of LDL(−) oxidation. A further possibility is that the increased PAF-AH in LDL (−) could be a consequence of a previous free radical injury suffered by LDL in plasma. Thus, the absence of increased oxidative markers in LDL(−) would not mean that these particles were not previously minimally oxidised, rather that PAF-AH could have stopped the development of oxidative reactions. Whatever the mechanism, both LDL subfractions from type 1 diabetic patients in poor glycaemic control were more resistant to in vitro oxidation than LDL subfractions from control subjects. This observation concurs with previous studies [20, 33, 34] in which type 1 diabetic subjects with short diabetes duration were studied. LDL oxidisability appears to be related to the duration and severity of diabetic complications and, in contrast to type 2 diabetic patients, type 1 patients with short-duration diabetes should not have developed major complications.
Major compositional differences between LDL(+) and LDL(−) isolated from type 1 diabetic patients are the same as those observed in the current and previous studies [11, 15, 16] in subfractions isolated from healthy subjects, i.e. LDL(−) contains more triglyceride, NEFA, apoE, apoC-III and PAF-AH, and less apoB than LDL(+). This resemblance suggests that processes behind the formation of LDL (−) could be similar in diabetic and healthy subjects, with the cause of increased LDL(−) in diabetic subjects being merely a quantitative matter. It is generally accepted that atherosclerosis is accompanied by low-grade inflammation [35] . In this context, the current finding that increased PAF-AH in LDL(−) decreases after glycaemic optimisation and the observation that PAF-AH activity is increased in diabetic patients [36, 37] points to underlying inflammation as a key factor in the generation of LDL(−) in diabetes. PAF-AH expression increases in response to inflammatory stimuli and hyperglycaemia and insulin resistance are associated with low-grade systemic inflammation. Recent studies described low-grade inflammation in recently diagnosed type 1 diabetic subjects [38, 39] and associated these inflammatory markers with increased intima-media thickness [39] . Thus, although short-course type 1 diabetic patients should not present advanced atherosclerotic plaques, the existence of incipient lesions could also contribute to accelerating inflammatory processes.
Our results suggest a role for PAF-AH or its catabolic products, short-chain NEFA and/or lysophosphatidylcholine, in the chemokine release mediated by LDL(−) from type 1 diabetic subjects. This proinflammatory action may be mediated by the activation of transcription factors such as NF-kB and/or AP-1, since several of their components (p65 and p50 for NF-kB; c-Jun, c-Fos and ATF2 for AP-1) increase their nuclear concentration in response to LDL(−).
In conclusion, our results indicate that LDL(−) isolated from type 1 diabetic patients is proinflammatory and that PAF-AH could play a major role in its inflammatory activity. Insulin therapy promoted a decrease in LDL(−) proportion and decreased its PAF-AH content, thereby suggesting that normalisation of glycaemic control could contribute to a reduction of the atherosclerotic risk arising from modified LDL. Nevertheless, further studies are required to elucidate the exact role of LDL(−) in the accelerated atherogenesis present in diabetes.
